Aims. We determine Period-Luminosity relations for Milky Way Cepheids in the optical and near-IR bands. These relations can be used directly as reference for extra-galactic distance determination to Cepheid populations with solar metallicity, and they form the basis for a direct comparison with relations obtained in exactly the same manner for stars in the Magellanic Clouds, presented in an accompanying paper. In that paper we show that the metallicity effect is very small and consistent with a null effect, particularly in the near-IR bands, and we combine here all 111 Cepheids from the Milky Way, the LMC and SMC to form a best relation. Methods. We employ the near-IR surface brightness (IRSB) method to determine direct distances to the individual Cepheids after we have recalibrated the projection factor using the recent parallax measurements to ten Galactic Cepheids and the constraint that Cepheid distances to the LMC should be independent of pulsation period. Results. We confirm our earlier finding that the projection factor for converting radial velocity to pulsational velocity depends quite steeply on pulsation period, p = 1.550− 0.186 log(P) in disagrement with recent theoretical predictions. We find PL relations based on 70 Milky Way fundamental mode Cepheids of M K = −3.33(±0.09)(log(P) − 1.0) − 5.66(±0.03), W VI = −3.26(±0.11)(log(P) − 1.0) − 5.96(±0.04). Combining the 70 Cepheids presented here with the results for 41 Magellanic Cloud Cepheids which are presented in an accompanying paper, we find M K = −3.30(±0.06)(log(P) − 1.0) − 5.65(±0.02), W VI = −3.32(±0.08)(log(P) − 1.0) − 5.92(±0.03). Conclusions. We delineate the Cepheid PL relation using 111 Cepheids with direct distances from the IRSB analysis. The relations are by construction in agreement with the recent HST parallax distances to Cepheids and slopes are in excellent agreement with the slopes of apparent magnitudes versus period observed in the LMC.
Introduction
In this series of papers we calibrate the Cepheid PeriodLuminosity (PL-) relation using the infrared surface brightness (IRSB) method. In Paper II we address the effect of metallicity on both the slope and the zero point of the relations in both the optical and near-IR bands finding very small (consistent with zero) effects in the near-IR and small, but possibly significant effects in the optical. Gieren et al. (2005) made a first determination of the LMC PL relations based on thirteen stars with IRSB based distances. They found that the distances to the individual Cepheids were dependent on the pulsation period which of course is unphysical. They found that the problem could be resolved by changing the adopted projection (p-) factor relation, which converts observed radial velocities into pulsation velocities that are needed for Baade-Wesselink type analysis.
In the present paper we use the new and largely expanded data set from Paper II for now 36 LMC Cepheids together with the new direct geometric parallax measurements from Benedict et al. (2007) to empirically determine the appropriate p-factor relation to be used in the analyses.
We present new accurate radial velocity data for 14 galactic Cepheids expanding the sample to a total of 77 Cepheids, 70 of which can be used to delineate the Milky Way PL relations. We have reanalyzed the complete sample using exactly the same code and calibrations as for the LMC sample and adopting exactly the same reddening law to allow a direct comparison.
Based on the (near-) universality of the PL relations we combine the Milky Way, LMC and SMC samples to determine PL relations based on 111 Cepheids which at the same time constrain the slopes very well, and which are tied directly to the parallax zero point from Benedict at al. (2007) . These relations thus form a very solid basis for the Cepheid distance scale.
The paper is structured as follows: In Sec.2 we present the data from the literature as well as new radial velocity data for fourteen Milky Way Cepheids. In Sec.3 we present the IRSB method and use the Benedict et al. (2002 Benedict et al. ( , 2007 parallaxes as well as the results from Paper II on 36 LMC Cepheids with IRSB distances to constrain the p-factor relation. We then use the new p-factor relation to determine distances and luminosities for 77 Cepheids and derive new PL relations for the 70 fundamental mode pulsators with good data sets. We proceed to combine the data with the Magellanic Cloud sample to give our best global PL relations which can be used for distance determination to other galaxies. In Sec.4 we compare the results with other recent investigations and in Sec.5 we summarize our conclusions.
The Data
We have searched the literature for optical (V-band) and nearinfrared (K-band) light curves as well as radial velocity curves. The starting point for the search was the catalogues of complete phase coverage K-band light curves for Milky Way Cepheids published by Welch et al. (1984) , Laney & Stobie (1992) and Barnes et al. (1997) . Since the publication of those papers a rich literature of high quality optical and radial velocity data has materialized and for the majority of the stars it is now possible to apply the near-infrared surface brightness method to determine distances and luminosities.
In addition to the literature data we have obtained new, accurate, radial velocity curves for 14 of these Cepheids to improve the phase coverage and/or data quality for these stars.
We have selected the data sets according to quality and completeness, but also to ensure, as far as possible, that the data have been obtained close in time to the near-infrared data to reduce possible errors due to period variations of the stars. Known double mode pulsators have been disregarded a priori as the application of the IRSB method to such stars could only be attempted if all the data were truly simultaneous. Thus the list of references reflects this pre-selection and does not include the data sets that were not used for the analysis. A number of first overtone pulsators has also been included, but they are of course not used for the delineation of the fundamental mode pulsator PeriodLuminosity relations.
In Tab.1 we present the list of stars and the references to the data sets which we have used in the present analysis. A more complete list of of data sets can be found in Groenewegen (2008) .
The BVI c photometry reported here is all on the JohnsonKron-Cousins system and the different data sets have been transformed to this system when necessary. Similarly all the near-IR data have been transformed to the SAAO system as necessary using the transformations from Carter (1990) .
The radial velocity data have all been obtained using high resolution (R > 20000) spectrographs. Most of the radial velocities have been derived using cross-correlation techniques or techniques which are equivalent. In this way the radial velocities are assumed to be on a common system and we have not seen indications of significant systematic differences between datasets for any of our stars for which we have had data from different techniques. This is an important point for the application of the IRSB method as the conversion from radial velocities to pulsational velocities, the so called p-factor, depends to some extent on the procedure which was used for deriving the radial velocity from the input data.
New radial velocity measurements
For fourteen of the stars the radial velocity curves were either missing or they were of limited quality. We have obtained 381 new radial velocity measurements for these stars (see Tab. 2) using the STELLA Echelle Spectrograph (SES) mounted on the fully robotic 1.2m STELLA-I telescope (Strassmeier et al. 2004 , 2010 and Weber et al. 2008 ) at the Izaña Observatory on Tenerife, Spain. SES is a fiber-fed echelle spectrograph with a 2k×2k CCD detector covering the wavelength range from 388 to 882 nm with small inter-order gaps starting at 732 nm and increasing towards the red. The resolving power is R = 55000 giving a spectral resolution of 0.12 Å at 650 nm. The spectra were obtained in fully robotic mode in the period from March 2007 until July 2010 and reduced using the automatic data reduction pipeline (Ritter & Wasshüttl, 2004 , Weber et al. 2008 developed for the instrument.
The radial velocities returned by the pipeline were corrected for instrumental velocity offsets and placed on the CORAVEL system by applying the offset of +0.503km s −1 determined by Strassmeier et al. (in prep) . The radial velocities are tabulated in Tab.3 and plotted in Fig.1. 
Pulsation velocities
The p-factor (see Sec.3.4), which is used to convert the observed radial velocities into pulsational velocities, depends to some extent on the spectrograph and the procedure used for extracting the velocities as different spectral features might carry different weight in deriving the pulsational velocity. To investigate this effect for the STELLA velocities we have observed the star TT Aql for which an excellent CORAVEL based velocity curve is available (Imbert 1999) .
We follow the procedure described by Storm et al. (2004) to determine the ratio between the p-factors for STELLA and CORAVEL based velocities, η STELLA = p STELLA /p COR , for the relevant phase interval, 0 ≤ φ ≤ 0.8. In Fig 2 we plot the difference in pulsational velocity, Welch, et al. 1984 ; (4) Barnes et al. 1997; (6) Berdnikov & Turner 1995 ; (7) (8) Coulson, Caldwell, & Gieren 1985; (9) Storm et al. 2004; (10) Gieren 1981b; (11) Gieren 1981a; (12) Kiss 1998b; (13) Kiss 1998a; (14) Barnes, Moffett, and Slovak 1988; (15) Lloyd Evans, 1980; (16) Madore 1975; (17) Moffett & Barnes 1984; (19) Metzger et al. 1991; (20) Pel 1976; (21) Pont, Mayor, & Burki 1994; (22) Schechter et al. 1992; (23) (24) Welch 1985; (25) Imbert 1996; (26) Imbert 1999; (27) Petterson et al. 2005; (28) Kienzle et al., 1999; (29) Butler & Bell 1997; (30) Evans 1990; (31) Imbert 1984; (32) Welch et al. 1987; (33) Shobbrook 1992; (34) Gorynya et al. 1998; (35) (36) Sugars & Evans 1996; (37) Wallerstein et al. 1992; (38) Bersier 2002; (39) Coulson, Caldwell, & Gieren 1985; (40) Bersier 2002;  (41) Metzger et al. 1992; (42) Bersier et al. 1994; (43) Berdnikov 1986 (43) Berdnikov , 1987 (43) Berdnikov , 1992 (43) Berdnikov , 1992 (43) Berdnikov , 1992 (43) Berdnikov , 1992 (43) Berdnikov , 1992 (44) Berdnikov & Turner 1998; (45) Berdnikov & Turner 2000; (46) Walraven, Tinbergen, & Walraven 1964; (47) (48) Caldwell et al. 2001; (51) Pojmanski et al.; (53) Evans 1990; (54) Groenewegen 2008; (55) Nardetto et al. 2006; (56) Nardetto et al. 2009; (57) Feast et al. 2008; (58) McGonegal et al. 1983 ; (59) Kimeswenger et al. 2004; (60) Wisniewski & Johnson 1968;  as a function of phase between the linearly interpolated observed radial velocities for the two spectrographs for three different values of η. It appears that in the phase interval from 0.15 to 0.75 where the velocity difference curve is smooth, the formally best value is η = 1.03. It is however also clear that the uncertainty is rather large and given that the datasets have been obtained at epochs differing by about ten years, we choose not to apply any additional corrections to the STELLA velocities but assume that the STELLA and CORAVEL p-factors agree to within 3%. For the present sample of 14 stars with STELLA velocities a 3% effect on the p-factor translates into a 1% effect on the slopes of the final PL relations which is much smaller than the statistical errors.
For some stars we have used the radial velocity data from Nardetto et al. (2009) using the HARPS data pipeline. This data set also contains data for a star, ζ Gem, for which a good CORAVEL data set is available from . Unfortunately the period of the star is not perfectly constant over time so it has been necessary to shift the two radial velocity curves with respect to each other to obtain a good match. Proceeding then as for the STELLA dataset we find that the two data sets are in good agreement and that η HARPS = 1.00 ± 0.03 as can be seen in Fig.3 .
For another star, ℓ Car, there is a similar possibility of a direct comparison between CORAVEL and HARPS data. The radial velocity curves from different data sets exhibit some variations though, and the conclusions are less straight forward than for ζ Gem, but they do agree with a value of η which is indistinguishable from unity, which we will adopt in the following. 
The Analysis

The IRSB method
The infrared surface-brightness (IRSB) method is a variant of the Baade-Wesselink method originally developed by Barnes and Evans (1976) in the optical wavelengths. It is based on a functional relation between a colour index and the surface brightness parameter in the V-band, F V . It was originally calibrated by Welch (1994) and a few years later Fouqué and Gieren (1997) . They determined a very tight linear relationship between the (V −K) colour index and F V based on interferometric angular diameters of giant stars found in the literature, thus extending the method to the near-infrared. The scatter in this relation was significantly smaller than was the case for the optical colour indices used previously. A detailed description of the implementation of the method which we use in the present paper can be found in Storm et al. (2004) .
Recently direct interferometric angular diameter measurements of Cepheids have become available (Nordgren et al. 2002 , Kervella et al. 2004a , Mérand et al. 2005 ) allowing a direct comparison between the surface-brightness relation for static stars with actual pulsating stars. On this basis Kervella et al. (2004b) find excellent agreement between static and pulsating stars as well as with the relation determined by Fouqué and Gieren (1997) for static stars. They find a best fit relation of
with the coefficients determined to better than 2%. We adopt their relation for the following analysis. The surface brightness measure F V is directly related to the stellar angular diameter, θ through the relation
where V 0 is the de-reddened visual magnitude, and φ is the phase. At the same time geometry gives us the stellar angular diameter from the stellar radius, R(φ), through the relation
where φ is the pulsation phase, d is the distance and R is the radius. Integrating the radial velocity curve then gives the radius variation, ∆R(φ) between a reference radius, R 0 and the given phase, φ as
where p is the so called projection factor converting radial velocity into pulsational velocity, V r (φ) is the observed radial velocity and V γ is the systemic velocity. We can now solve Eq.4 for the two parameters, mean radius, R 0 , and distance, d by linear regression to the observed values of θ(φ) from Eq.3 and ∆R(φ) from Eq.5. As discussed in Storm et al. (2004) we use the OLS bi-sector fit from Isobe et al. (1990) for the regression fit. We fit only the phase interval φ ∈ [0.0, 0.8] where the shapes of the two curves usually agrees very well, and we avoid the phase region φ ∈ [0.8, 1.0] where the agreement often is quite poor, most likely due to shocks in the stellar atmosphere. We also allow for a small phase shift between the photometric and radial velocity data to optimize the quality of the fit. The effect on the final PL relation of these phase shifts is mainly to decrease the scatter in the relation.
An example of the fit for the star BB Sgr is shown in Fig.4 . In the upper panel the data used for the actual OLS bi-sector fit (see Storm et al. 2004 for more details on this) can be seen and in the lower panel the corresponding photometric angular diameters have been plotted as filled squares for the points used in the fit and red crosses for the points in the phase interval φ ∈ [0.8, 1.0] which have been disregarded in the fits. The curve in the lower panel delineates the corresponding spectroscopic angular diameter.
Absorption
In order to derive dereddened magnitudes for our Cepheids we use the colour excess values as given in Fouqué et al. (2007) . These values are on the system defined by Laney & Caldwell (2007) and as discussed by Fouqué et al. (2007) , these values are in agreement with the system established by Tammann et al. (2003) , who recalibrated the original measurements compiled by Fernie (1995) .
For the reddening law we similarly adopt the choice made by Fouqué et al. (2007) , namely the law determined by Cardelli et al. (1989) with a total-to-selective absorption in the V band of R V = 3.23 as determined by Sandage et al. (2004) . For the other bands we use
Fourier coefficients and identification of fundamental mode pulsators
Before we attempt to establish the PL relations we have to identify the fundamental mode pulsators in the sample. This is difficult without referring to the period-luminosity diagram. We use the Fourier parameters for the radial velocity data and the diagrams from Kienzle et al. (1999) to reject overtone pulsators.
To be conservative we use the A 1 parameter (the radial velocity amplitude) to reject s-type Cepheids from our final sample as well. In this way we might remove some bona fide fundamental pulsators as well, but we ensure that we have a uniform sample. The Fourier parameters for all the Cepheids based on the data sets given in Tab.1 are tabulated in Tab.4. The error estimates on the parameters have been calculated using the approximative formula given by Petersen (1986) . Kienzle et al. (1999) . Filled circles indicate fundamental pulsators and the triangles, first overtone pulsators. Table 5 . The distances for Cepheids with HST parallax measurements from Benedict et al. (2007) . The HST distances are given in column 3, the IRSB distances using our preferred pfactor relation from Eq.7 are given in column 4 and the difference in column 5. The uncertainty on the difference is given in the last column.
( In Fig.5 the Fourier parameters for the short period Cepheids have been plotted and the s-Cepheids identified as the stars with A 1 below the dashed line. These stars are DT Cyg, EV Sct, FF Aql, SU Cas, SZ Tau, and QZ Nor. SU Cas is the shortestperiod Cepheid in our sample and was probably the first Galactic Cepheid for which pulsation in the first overtone mode was firmly established by Gieren (1976 Gieren ( , 1982 . Two stars lie below the sequence of fundamental mode pulsators in the A 1 vs. P plot but above the dashed line and in the other Fourier parameters they appear unremarkable, so they are not obvious s-Cepheids or overtone pulsators. These stars are X Lac, and V496 Aql and we will keep them in the sample of fundamental mode stars.
Constraining the projection factor
For any Baade-Wesselink type method it is necessary to determine the pulsational velocity of the surface of the star as this is the velocity curve which is matched against the angular diameter curve from the photometry. The same is the case when the angular diameter curve is directly determined from interferometry. The conversion from the observed radial velocity to pulsational velocity is commonly parametrized with the projection factor, p.
The p-factor is largely a geometrical correction taking into account the fact that the radial velocity that we measure is based on light coming from all points of the hemisphere of the star which is visible to the observer and not just from the surface element which move along the line of sight to the star. In fact as discussed by Sabbey et al. (1995) the p-factor depends on the temperature of the star, which changes with pulsation period, as it depends on the limb darkening of the star.
The p-factor used for converting the observed radial velocities into pulsational velocities has direct consequences for the derived distances, as it scales directly with the stellar radius variation, and is probably the largest source of systematic error for the method. In the past we (e.g. Gieren et al. 1993 , Storm et al. 2004 have used a relation with a weak period dependence, p = 1.39 − 0.03 log P, based on theoretical work by Hindsley and Bell (1986) .
Later we found that the use of this pfactor relation with the IRSB method for LMC Cepheids leads to an unphysical dependence of the distance modulus on the pulsation period. We found that a p-factor relation of p = 1.58 − 0.15 log P removed this period effect, but the conclusion was not very firm due to the limited sample of only 13 LMC Cepheids.
On the theoretical side, Nardetto et al. (2007) have carefully analyzed individual line profiles from pulsating atmosphere models and they also found a relation which was steeper than the Hindsley and Bell (1986) slope. Nardetto et al. (2009) generalized this work to match the cross-correlation technique used in most observational work on radial velocities and found a relation p = 1.31(±0.06) − 0.08(±0.05) log P
With the sample of 36 LMC Cepheids, presented in Storm et al. (2011, hereinafter Paper II) , covering a wide range of periods we are in a much better position to constrain the p-factor relation empirically. Furthermore the recent direct parallax measurements for ten Milky Way Cepheids by Benedict et al. (2002 Benedict et al. ( , 2007 using the Hubble Space Telescope Fine Guidance Sensor provide a fundamental set of reference data which we can use to calibrate the p-factor relation.
For three of the ten stars with HST parallaxes (Y Sgr, X Sgr, and ζ Gem) we present new radial velocities here, significantly improving the available data quality. For one star, W Sgr, which is a known binary (Szabados 2003 ) the IRSB fit is clearly very poor and we disregard this star in the further analysis. X Sgr is known to be affected by a double shockwave in its atmosphere (Mathias et al. 2006 ) but the IRSB fit looks fine and the agreement with the HST parallax is excellent so we keep it in the sample. This leaves us with nine stars in common.
As a first step we use the theoretical relation from Nardetto et al. (2009) in Eq.6 and apply the IRSB method to these nine stars. We find a disappointing difference of −0.30 ± 0.05 mag in the distance moduli, the IRSB distances being shorter. Applying the Nardetto et al. relation to the LMC Cepheids in Paper II we similarly find an unlikely result, namely an LMC distance modulus of 18.26 ± 0.04, much shorter than the canonical value of 18.50. So if we proceed using first principles, we have a serious conflict with the Benedict et al. (2007) result as well as with most recent works on the LMC distance that have confined the true distance modulus to a value between 18.4 and 18.6 (e.g. Pietrzyński et al. 2009; Szewczyk et al. 2008) .
To reconcile these results we have to conclude either that the theoretical p-factor relation is incorrect due to the lack of some physics, or that there is a period dependence in the IRSB method which is not properly accounted for in the current theoretical pfactor relation. We attempt to constrain this effect empirically and parametrize it as a part of the p-factor relation which we retain as having the simple linear form p = α p × log(P) + β p .
We need to determine two parameters, namely the slope (α p ) and the zero point (β p ) of the p-factor relation. We have two independent constraints, namely that there should be no systematic dependence of the LMC Cepheid distances with pulsation period, and we should reproduce, on average, the Benedict et al. (2007) distances.
It turns out that these two constraints are largely orthogonal in the (β p , α p ) plane as can be seen in Fig.6 . To determine these parameters we simply apply the IRSB method to each sample of stars (Milky Way and LMC) for an array of slopes and zero points for the p-factor relation and see where the constraints are fulfilled. We have varied the zero-point in the range We then took the mean value of these offsets and determined the values in the β p − α p plane where this mean offset is zero. This is a straight line which is shown in Fig.6 as a full line with the two thin parallel lines showing the estimated 1-σ interval.
We then turn to the LMC data set and proceed as for the Milky Way sample and carry out the IRSB analysis for the same set of (α p , β p ) values. We then look for the points where the slope of the LMC distance modulus as a function of log(P) is zero. For each individual Cepheid distance we apply the distance modulus correction ∆(m − M) from van der Marel and Cioni (2001) to correct for the inclination of the LMC disk before determining the slope. In the β p , α p plane the resulting constraint is shown as a dashed line and the two thin dashed lines indicate the estimated 1-σ interval.
The best estimate is: p = 1.550(±0.04) − 0.186(±0.06) log P
This is shown as a filled circle in Fig.6 . The p-factor law is even a bit steeper with period than the relation which we found earlier and it differs even more from the recent theoretical relation from Nardetto et al. (2009) which is shown as a filled square in Fig.6 . For reference the relation from Hindsley and Bell (1986) We can look at the problem in a slightly different way and determine the p-factor for each of the Cepheids with measured HST parallax distances, and plot them as a function of log(P) by forcing the IRSB distance to be equal to the parallax distance. We have done this and show the results in Fig.7 . A linear fit to these values gives p = −0.28(±0.08) log(P) + 1.65(±0.07). Within the errors this agrees with our relation (Eq.7). We prefer, however, to use the relation in Eq.7 as it is based on many more stars, especially at pulsation periods longer than ten days. The linear fit is shown in the figure as well as our adopted relation (labelled LMC and HST ZP) and the Hindsley and Bell (1986) and Nardetto et al. (2009) relations. The horizontal line at p = 1.5 indicates the limit above which the p-factor would imply an unphysical limb-brightening instead of the expected limbdarkening. We note that for the short period stars the p-factor is coming close to this limit.
In Tab.6 we have summarized the resulting values of true LMC modulus, the distance offset to the HST parallax data, the slope of the LMC Cepheid moduli as a function of period, for the different assumed p-factor relations. From this Table we can see that the Hindsley and Bell (1986) relation leads to more than 2σ deviation for the slope of the LMC distance modulus and thus seems to be ruled out. The Nardetto et al. (2009) relation disagrees on both the constraints, and seems to be ruled out as well. Changing the value of β p to β p = 1.455 brings the distance zero point into agreement with the HST parallax value, but still the distances to the LMC Cepheids are significantly dependent on the pulsation period. We thus adopt the fitted relation from Eq.7 in the following.
In Fig.8 we have plotted the distance difference between the HST parallax distances and our IRSB based distance when using the revised p-factor relation. We note that the scatter is very small and that the data are consistent with no period dependence of the differences.
The Period-Luminosity relations
Using the p-factor relation derived in the previous section together with the reddenings discussed in Sec.3.2 we obtain the distances and absolute magnitudes for our Milky Way Cepheids as given in Tab.7. In that Table we present the adopted pulsation period as well as the distance modulus with the formal uncertainty from our OLS bi-sector fit (see Storm et al. 2004 for details). As discussed by these uncertainties are underestimated by on average a factor of 3.4 when compared to the uncertainties returned by the Bayesian fitting technique employed in that paper. In the columns 7 to 12 we give the absolute magnitudes in the B, V, I, J, H, &K bands and in column 13 and 14 we give the Wesenheit indices (Madore 1982) Using the data from Tab.7 for the fundamental mode pulsators, and after eliminating the binary Cepheid W Sgr which exhibits a very poor IRSB fit, we are ready to determine the PL relations in the different bands. In Tab.8 we list the resulting relations together with the observed dispersions around the fits. These are our best estimates of the Milky Way Cepheid PL relations. In Fig.9 we plot the PL relations in the K, and V bands as well as in the Wesenheit indices W VI and W JK . We note that the dispersion around the fits range between 0.22 and 0.39 mag, the B-band relation showing a significantly larger dispersion than the others. For the other bands the dispersion is only weakly Table 8 . The Period-Luminosity relations for the Milky Way Cepheids of the form M = a × (log(P) − 1.0) + b. The dispersion around the fit is also tabulated as well as the formal uncertainties on the coefficients as returned from the linear regression. dependent on the wavelength suggesting that the errors on the absolute magnitudes are dominated by the distance errors rather than by the intrinsic width of the PL relation and/or errors in the absorption corrections. We note that Persson et al. (2004) found a dispersion of only 0.11 mag for the K-band relation in the LMC whereas in Paper II we have obtained a value of 0.22 mag, again suggesting that the dispersion in our current work is dominated by distance errors rather than intrinsic luminosity variations be- The revised p-factor relation determined in this paper has been used to calculate the IRSB distances to the stars.
tween Cepheids of similar periods in the sample due to the finite width of the instability strip, or errors in the reddenings.
The combined sample
In Paper II we show that the PL relations for the Milky Way and Large Magellanic Cloud samples are identical within the uncertainties, particularly in the near-IR bands. This means that we Fig. 10 . The Period-Luminosity relation in the K-band for the complete sample of Milky Way, LMC and SMC Cepheids having IRSB-determined distances in our papers. The overtone pulsators and stars which have been eliminated for other reasons as discussed earlier have been eliminated from the plot for clarity. can combine the data from the two papers to derive a PL relation based on a total of 111 Cepheids. In Fig.10 we have plotted the K-band absolute magnitudes for the Milky Way, LMC and SMC Cepheids from the two papers together. The agreement is excellent, and a linear regression to the combined sample leads to a best determination for the K-band PL relation of:
with a dispersion of 0.22 mag. Due to the limited metallicity dependence of this relation found in Paper II, this relation can be directly used for distance determination to galaxies with metallicities between SMC and solar. We have listed the combined relations in the other bands, including the Wesenheit indices in Tab.9, in all cases without applying any metallicity corrections to the absolute magnitudes. The relations have been used in Paper II to determine the PL relation zero-point dependence on metallicity, γ, and for convenience we have tabulated those values here as well. Table 6 . The derived quantities for different adopted p-factor relations, p = β p + α p log P, for the LMC (LMC), and Milky Way (MW) samples. Each column corresponds to a different p-factor relation where the slope and zero point are given in the first two rows. The PL relations are of the form M m = a m × (log(P) − 1.0) + b m where the index m refers to the photometric band. Table 7 . The distances and intensity-averaged absolute magnitudes for the complete sample of Milky Way Cepheids based on the IRSB method as calibrated in this paper. The σ values are the nominal values returned by the bi-sector fitting algorithm. The Wesenheit indices based on the (V, I) and (J, K) photometry are given as well as the adopted reddening. The last column gives the adopted phase shift, ∆φ, between spectroscopic and photometric data.
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Discussion
The slopes of the PL relations which we find depend directly on the adopted p-factor relation and as we have shown the revised, empirically-determined relation is necessary to give pulsation period-independent distances to LMC Cepheids. In Paper II we further show that the adopted p-factor relation also reproduces the slopes of the apparent magnitude versus log(P) relations both in the near-IR and in the optical bands. The revised p-factor relation confirms our earlier findings ) based on a much smaller sample of LMC Cepheids. Still, it is at odds with the recent careful theoretical study by Nardetto et al. (2009) . We do not have a ready explanation for this disagreement but suspect that it is either due to some missing physics in the theoretical approach or some previously undetected period dependence in the IRSB method, which we have eliminated through the parametrization chosen here. If the problem does not originate from the pulsational velocities, i.e. with the p-factor, it would have to originate with the surface-brightness calibration. The calibration is based on mostly short period Cepheids with only a single long period (35 days) Cepheid. However, Kervella et al. (2004b) show a quite convincing comparison of surfacebrightness relations for short and long period stars and the fact that the relation agrees well with the relation for static stars is also suggestive that the cause for the steep slope is not buried here. The remaining problem seems to be with the short period stars where the revised p-factor relation leads to values which get close to 1.5, suggesting a uniform disk and no limb-darkening. However, the short period stars are the ones which are most numerous in the sample used by Kervella et al. (2004b) and thus the ones which have the best empirical constraints. Still we intend to make direct comparisons with interferometric studies as done by Kervella et al. (2004c) for ℓ Car in an attempt to understand the reason for the effect which we see. For our main purpose of investigating the effect of metallicity on the Cepheid PL relation by comparing Milky Way and Magellanic Cloud Cepheids we are working in a purely differential way so the actual p-factor relation cancels out as long as it is the same for both samples of stars, i.e. metal independent, which from theoretical considerations seems to be a good assumption (Nardetto et al. 2011 ).
Groenewegen (2007) argues for a constant p-factor relation based on a comparison with a subset of the HST parallax stars but the scatter in his Fig.2 is very large. With our new high precision radial velocity data for three of the HST parallax stars, we confirm our p-factor relation (see Fig.7 ) through excellent agreement with the full set of Benedict et al. (2007) results on a star by star basis. We also base our p-factor relation on a much larger sample of LMC Cepheids. This sample has a large number of stars with pulsation periods significantly longer than ten days, thus forming a much firmer basis for constraining the p-factor relation. In a following paper, Groenewegen (2008) discusses the use of the Nardetto et al. (2007) relation and finds no significant difference to a constant value. At the same time he finds period-luminosity relations for Milky Way Cepheids which are very similar to the relations presented in the previous section. He finds in the K-band a relation with a slope of −3.38 ± 0.08, in good agreement with our value of −3.33 ± 0.09, similarly he finds a slope in the V-band of −2.60 ± 0.09 whereas we find a value of −2.67 ± 0.10. It thus seems as if, in spite of the fact that we apply the same method, there are significant differences in the implementation of the technique which might affect the results.
Recently Molinaro et al. (2011) , based on the CORS variant of the Baade-Wesselink method and using Walraven photometry for 26 galactic Cepheids and a constant p-factor of 1.27, found a PL relation of M V = −2.78(±0.11) log(P) − 1.42(±0.11). Again the slope is in good agreement with our relation whereas the zero point at a period of ten days differs by 0.23 mag, our value being fainter.
There are presently very few alternative routes to delineating the Milky Way PL relation apart from the Baade-Wesselink type methods. There is of course the recent direct parallaxes to ten Cepheids with the HST fine guidance sensors by Benedict et al. (2007) , but this constitutes a modest sample of stars for a PL relation. The classical approach is the zero-age main sequence (ZAMS) fitting to OB associations and open clusters containing Cepheids (see e.g. Feast and Walker (1987) and references therein). Turner (2010) rederived the Milky Way PL relation based on the ZAMS fitting to OB associations and open clusters containing Cepheids finding M V = −2.78(±0.12) log(P) − 1.29(±0.10). In Fig.11 we compare the ZAMS fitting based distance moduli with the IRSB based moduli for the stars in common, and we find very good agreement with no significant period dependence. The unweighted mean difference is 0.12 ±0.06 mag so we do find a slight zero point offset. We have excluded the star SU Cas in the comparison as it is an outlier, even if the IRSB fit appears well defined and does not indicate any obvious problem with the data. Benedict et al. (2007) found a slope of −2.43 ± 0.12 in the V band from the HST parallax measurements, a value which is only slightly shallower than our value of −2.67 ± 0.10 and certainly not steeper than our value.
We argue that most recent investigations agree to within the errors with the slope of our relation and they disagree with the earlier findings of Sandage et al. (2004) and Storm et al. (2004) , that the Milky Way PL relations are significantly steeper than the LMC relations. In fact, in Paper II we find that if anything the optical Milky Way PL relations might be slightly shallower than the LMC relations.
In Paper II we find that both the slopes and the zero-points of the near-IR PL relations are insensitive to metallicity. In addition the K-band PL relation is very insensitive to reddening making this relation our preferred standard candle. We argue that the best calibration of this relation is the combined K-band PL relation given in Tab.9 with the small metallicity effect of γ = −0.10 ± 0.10 mag dex −1 also given in that table. We note that for most extra-galactic Cepheid samples the metallicity is close to the range from LMC to solar and the failure to correct for the metallicity effect leads to systematic errors of the order of only 0.02 mag in the distance modulus.
In the optical bands, the LMC and Milky Way slopes are less in agreement differing by up to 0.2 mag dex −1 as shown in Paper II. However in the compilation by Bono et al. (2010) the slopes in the V and I bands for extra-galactic samples show a large spread of the order 1 mag dex −1 , much larger than our observed difference between the LMC and Milky Way samples. The slope variations in that paper do not seem to be strongly correlated with metallicity variations so from that point of view our combined SMC, LMC, MW relation also provides the better reference relation as it is based on more stars.
Conclusions and Summary
We have obtained new, accurate, radial velocity curves for fourteen Milky Way Cepheids including three Cepheids with direct parallax measures from Benedict et al. (2007) , expanding the sample of Milky Way fundamental mode Cepheids to which we can determine precise IRSB distances to a total of 70 stars.
We have empirically redetermined the p-factor relation, which converts the observed radial velocities into pulsation velocities needed for the IRSB method, using two fundamental physical constraints. The first constraint is that the distance to LMC Cepheids should be independent of their pulsation periods, and the second constraint is that on average we should reproduce the distances to the Cepheids with parallaxes from Benedict et al. (2007) . We find quite a steep relation, p = 1.550(±0.04) − 0.186(±0.06) log(P) which is not easily reconciled with recent theoretical work (e.g Nardetto et al. 2009 ). However, this revised relation gives rise to PL relations which are in excellent agreement with other independent determinations both for the Milky Way, as shown in the present paper, and for the LMC, as shown in Paper II.
Using the revised p-factor relation we have determined precise PL relations in the V, I, J, & K bands, as well as the Wesenheit indices W VI , & W JK for these Milky Way stars. These relations can be used for distance determination to other galaxies with solar abundance.
In Paper II we compared these relations to similar relations for a sample of LMC Cepheids and we found that the effect of metallicity on the slopes is negligible in the near-IR and small, possibly consistent with zero, in the optical bands as well. Including also a sample of SMC Cepheids we find that the zero points of the PL relations depend on metallicity to a varying degree, but in most bands the effect is small, of the order −0.10 ± 0.10 mag dex −1 , which is consistent with a zero effect. Consequently we argue that it is warranted to combine the three samples of Cepheids giving us a total sample of 111 Cepheids with IRSB distances which can be used to delineate accurate absolute, universal PL relations.
Our best standard candle is the K-band PL relation as it is not only insensitive to reddening and shows a low intrinsic dispersion, but it also exhibits no metallicity dependence on the slope and only a weak dependence on the zero point consistent with a null effect. The K-band relation based on the full sample of Cepheids presented here is M K = −3.30(±0.06)[log(P) − 1.0] − 5.65(±0.02). The combined relation in the optical W VI index is W VI = −3.32(±0.08)[log(P) − 1.0] − 5.92(±0.03).
